INTRODUCTION
Complications associated with allogeneic hematopoietic stem-cell transplantation (ASCT) can lead to critical illness with multiple-organ failure. 1 Eleven percent to 24% of patients who undergo transplantation require admission to the intensive care unit (ICU). [2] [3] [4] [5] [6] Although the mortality rate of ASCT patients admitted to the ICU has been decreasing, 1, 3, [7] [8] [9] their short-term mortality is still greater than 50%. 6, [10] [11] [12] Accurate estimation of prognosis after ICU admission is indispensable for physicians to evaluate the potential benefits or futility of ICU care and to advise the patients and their families on the decisions about life-supportive therapies. Mechanical ventilation and vasopressor administration are two of the most significant prognostic factors of survival of ASCT recipients among the various life-supportive interventions provided in the ICU 3, 5, 6, 8, 13, 14 ; however, these are of little value in prognostication before ICU admission. Other factors such as hemodynamic instability, multiorgan system failure, graft-versus-host disease (GVHD), hyperbilirubinemia, and type of transplantation (allogeneic v autologous) have been described as important prognostic factors of survival. 3, 6, 8, 14 Well-known instruments used to predict survival of patients admitted to the ICU, such as the Acute Physiology and Chronic Health Evaluation (APACHE) II, 3, 5, 8, 13, 15 APACHE III, 14, 16 and the Sequential Organ Failure Assessment, 4, 17 have limited prognostic value in ASCT recipients.
Because the presence and the severity of comorbidities affect the outcomes of patients admitted to the ICU, these are included in ICU prognostic models of mortality. 15, 18 Comorbidity is defined as any illness unrelated to a patient's principal diagnosis, and such comorbidities influence the outcomes of the disease under evaluation. 19, 20 The Charlson comorbidity index (CCI), which was initially developed to estimate mortality in longitudinal studies by classifying comorbidities according to the International Classification of Diseases, Ninth Revision, has been found to significantly improve outcome prediction compared with the chronic health component of APACHE II in critically ill patients admitted to the ICU. 21 The Hematopoietic Cell Transplantation-Specific Comorbidity Index (HCT-CI), which was derived from the CCI, was initially developed to predict outcomes after ASCT 22 and was found to be a strong predictor of survival and mortality associated with nonrelapse in single-center and multiinstitutional studies. 23, 24 We investigated the HCT-CI measured at the time of ASCT as a predictive instrument for mortality during hospitalization and overall survival (OS) among patients admitted to our institution's ICU early (Ͻ 100 days) after ASCT.
PATIENTS AND METHODS
This study was conducted with the approval of the Institutional Review Board of The University of Texas MD Anderson Cancer Center. We included patients older than 18 years who underwent ASCT and were admitted to the ICU, during the conditioning period or within the first 100 days of the transplantation, between June 2001 and December 2010. Only the first ICU admission of patients was included in the study. Demographics, pretransplantation comorbidities and test results, Karnofsky performance status (KPS) at the time of transplantation, disease and transplantation characteristics, date of transplantation, date and survival status at last follow-up, and dates of ICU admission and discharge were gathered from the institutional registries. Reason for ICU admission, date of hospital discharge, survival status at the time of hospital discharge, and the place/institution to where the patients were discharged were gathered from individual patient medical records.
The decision to transfer patients to the ICU was taken following institutional policies and in conjunction with the intensive care physician on call. Our ICU admission policies are based on the Society of Critical Care Medicine Admission, Discharge, and Triage Guidelines. 25 We classified conditioning dose-intensities into ablative and nonablative based on published criteria.
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Engraftment day was defined as the first day of peripheral-blood neutrophil count Ն 500/L. Donor-recipient HLA matching was established by DNA sequence-specific oligonucleotide typing for HLA-A, -B, -Cw, -DQB1, and -DRB1 loci. Acute GVHD was diagnosed clinically and confirmed pathologically whenever possible. Patients were clinically managed according to MD Anderson Cancer Center standard guidelines including prophylaxis for Pneumocystis carinii, herpes viruses, and fungal infections. Patients received no cytomegalovirus (CMV) -specific antiviral prophylaxis and were monitored for CMV reactivation by CMV polymerase chain reaction or pp65 antigenemia assay of peripheral blood.
HCT-CI score was calculated as previously described by Sorror et al, 22 and the score values were based on the pretransplantation body mass index, comorbidities, laboratory values, and test results. The definitions of comorbidities included in the HCT-CI are listed in Table 1 . The diffusion capacity of carbon monoxide was measured following the American Thoracic Society and European Respiratory Society guidelines and using the Cotes' formula as routinely performed in our pulmonary laboratory. 27 HCT-CI scores were collapsed into four groups (0 to 1, 2, 3, and Ն 4) to facilitate our analyses. Inpatient mortality was defined as death from any cause in the hospital before discharge or in hospice within 7 days of hospital discharge. OS was defined as the time from ICU admission to death or last follow-up.
Incidence of the inpatient mortality was analyzed using univariate and multivariate logistic regression models. The Kaplan-Meier method was used to estimate median OS. Univariate and multivariate Cox proportional hazards models were used to estimate hazard ratios while evaluating the impact of clinically important factors on OS. The following variables were included in the logistic models and survival models: age at transplantation, primary diagnosis, conditioning dose intensity, donor match and relation, graft source, manifestation of acute GVHD at ICU admission, and HCT-CI score groups. Finally, the effect of HCT-CI scores Ն 2 on inpatient mortality and OS was evaluated in various patient subsets using univariate logistic regression and univariate Cox proportional hazards models. SAS 9.3 software (SAS Institute, Cary, NC) was used for statistical analyses. NCSS 2007 (NCSS, Kaysville, UT) was used to draw the forest plot in subset analysis of inpatient mortality.
RESULTS

Patient Characteristics
Of 3,039 patients who underwent ASCT at MD Anderson Cancer Center between June 2001 and December 2010, 389 (13%) were admitted to the ICU within 100 days of transplantation. Of these, 12 patients had incomplete pretransplantation comorbidity data and were excluded from the analyses. Eighty-three patients (21%) were admitted to the ICU more than once. Demographic and clinical characteristics of the patients are listed in Table 2 . Median age was 53 years (range, 19 to 80 years). Approximately half of the patients had acute leukemia or myelodysplastic syndrome. Matched related and matched unrelated grafts were used in 121 patients (32%) and 156 patients (41%), respectively, whereas 100 patients (27%) received HLA-mismatched transplantations. Three percent of patients were admitted to the ICU before the cell infusion, and 62% of patients were admitted between neutrophil engraftment and transplantation day 100. One hundred eight patients (29%) had a diagnosis of acute GVHD at the time of ICU admission. The most common reasons for ICU admission were respiratory failure (n ϭ 230), septic shock (n ϭ 44), and altered mental status (n ϭ 33).
HCT-CI Score
The prevalence of pretransplantation comorbidities included in the HCT-CI score and the distribution of HCT-CI score values among patients are listed in Tables 1 and 2 , respectively. The most common pretransplantation comorbidities were pulmonary (n ϭ 302), cardiac (n ϭ 73), and hepatic (n ϭ 72). Patients' HCT-CI score values ranged between 0 and 10, with a median score of 3. One hundred forty-nine patients (39%) and 13 patients (3%) had HCT-CI score values of Ն 4 and Ն 8, respectively (Table 3 ). The frequency of HCT-CI score values Ն 2 did not differ between age groups (Յ v Ͼ 55 years) and conditioning regimen used (ablative v reduced intensity).
Inpatient Mortality
Overall, 240 (64%) of 377 patients admitted to the ICU died in the hospital. Table 3 demonstrates the odds of inpatient mortality according to the HCT-CI scores. Inpatient mortality was significantly higher among patients with HCT-CI scores Ն 2 than among patients with scores of 0 to 1. A multivariate logistic regression model demonstrated that HCT-CI score Ն 2 was significantly associated with higher odds of inpatient mortality (Table 4) . Conditioning regimen intensity, ICU admission during the conditioning phase, and presence of acute GVHD at the time of ICU admission were the only other independent factors found to affect the inpatient mortality. A second logistic regression model, additionally including KPS and with less power as a result of missing KPS values (n ϭ 309), demonstrated that HCT-CI score Ն 4 was significantly associated with increased inpatient mortality (P ϭ .003). Finally, HCT-CI scores Ն 2 were associated with significantly higher odds of inpatient mortality in the following subsets of patients: older than 55 years, with a diagnosis other than acute leukemia or myelodysplastic syndrome, admitted to ICU after engraftment, received bone marrow grafts, and with matched unrelated or mismatched donors (Fig 1) .
OS
Twenty-eight patients (7%) died within 24 hours of ICU admission. Overall, 320 patients (85%) died during the first year of followup. The median OS was 34 days (95% CI, 27 to 41 days), and the corresponding cumulative survival rates at 30 days and 1 year were 52% and 15%, respectively. Among patients with HCT-CI scores of 0 to 1, 2, 3, and Ն 4, the 1-year OS rates were 22%, 17%, 18%, and 9% respectively (Table 3 and Fig 2) . The difference in OS between HCT-CI scores of Ն 4 and 0 to 1 was significant in both univariate and multivariate analyses (Tables 3 and 4) . No other significant prognostic factor for OS was found, although a strong trend of worse OS was observed in patients older than 55 years (Table 4) . A second Cox proportional hazards model including KPS (n ϭ 309) again demonstrated that patients with HCT-CI scores of Ն 4 had a significantly worse survival (P ϭ .001). HCT-CI score Ն 2 was associated with a significant survival disadvantage in patients older than 55 years, patients who had a diagnosis other than acute leukemia or myelodysplastic syndrome, and patients with a matched unrelated HLA donor (Fig 1) .
DISCUSSION
This study demonstrated the utility of HCT-CI in predicting inpatient mortality and the OS of patients who received allogeneic transplantations admitted to the ICU within 100 days of ASCT. We found that HCT-CI scores Ն 2 and Ն 4 were associated with significantly higher inpatient mortality and reduced OS, respectively, independent of other factors. Patient subset analyses confirmed the prognostic value of HCT-CI. The conditioning regimen intensity, the admission to the ICU during the conditioning phase, and presence of acute GVHD at the time of ICU admission were other independent factors associated with inpatient mortality.
Although some comorbidities and worsening organ function at the time of ICU admission are known to predict poorer outcomes and are included in various ICU prognostic models, the effect of patients' baseline comorbidities on ICU outcomes has seldom been studied. The comorbidities are independent of performance status and may decrease the physiologic reserve of patients, rendering them vulnerable to critical illness. Accordingly, the CCI has been found to be useful in predicting mortality in general ICU patients. 21 Similarly, we found that HCT-CI was predictive of inpatient mortality and OS in patients who received allogeneic transplantation admitted early to ICU, even after controlling for confounding factors. HCT-CI is a modification of the CCI to be used in the ASCT setting and was initially developed to predict survival after ASCT. Subsequent studies, with the exception of a few studies with small patient cohorts or with cohorts including transplantations performed over long periods of time, [28] [29] [30] confirmed its predictive value after various different types of transplantation, including transplantations with reduced-intensity conditioning, autologous transplantation, and transplantations in pediatric population.
22-24,31-35 Our results suggest that the reported association between HCT-CI and transplantation-related mortality may be partly a result of the worse outcomes after intensive care in patients with higher HCT-CI scores.
Indices of various organ functions and various ICU prognostic scores measured at the time of ICU admission have been found to predict ICU outcomes 3, 4, 6, 14 ; however, their availability solely at times when patients have already received ASCT and are already critically ill limits their utility in the discussions that occur with the patient and family members at the time of considering the ASCT procedure or admission to ICU. In contrast, HCT-CI can be calculated at the time of planning the ASCT, and it may help physicians and patients to make informed decisions regarding the care options available beforehand. At the MD Anderson Cancer Center, 13% of patients who received allogeneic transplantation required admission to ICU within 100 days of the procedure, compared with 14% to 20% of patients reported from other centers. 4, 6 Compared with the previous findings for patients with acute myeloid leukemia in first remission who underwent ASCT at our center between 1990 and 2001, 24 patients with acute myeloid leukemia in our current study had a higher prevalence of pretransplantation comorbidities (HCT-CI score Ն 3 in 76% in current study v 58% in previous study) as a result of the development of reduced-intensity conditioning regimens designed to allow older and medically infirm patients to receive ASCT and likely higher propensity of patients with baseline comorbidities to require intensive care after transplantation. Our observations that the most common pretransplantation comorbidities and reason for ICU admission were pulmonary diseases and respiratory failure, respectively, may support the latter deduction.
Outcomes of patients who received allogeneic transplantations admitted to the ICU remain poor in our study group, with only 36% of patients surviving throughout the hospital stay and a 1-year OS of 15%. Similarly, in recent literature regarding ICU patients, survival at the time of hospital discharge was reported to range between 22% and 41% among allogeneic transplantation recipients, 3,6,14 whereas 1-year OS ranged between 11% and 16%. 4, 6 The inpatient mortality rate at our institution remained essentially the same at 63% to 64% among allogeneic transplantation recipients admitted to ICU between 1994 and 1996 and between 2001 and 2010. 8 Although the results of intensive care have improved over the last decade, 9,14 the population receiving transplantations had a higher prevalence of comorbidities, explaining the persistent high overall mortality. Future studies could help clarify this question by stratifying patients according to their mortality risks with HCT-CI and similar tools. The limitations of our study include the retrospective nature of the analysis. Scoring of comorbidities was based on review of the medical records, and some comorbidities may not have been noted. However, because comorbidity definitions in HCT-CI are based on both historical and laboratory data (the latter being easily extractable from medical records by registry data managers), comorbidity data still should be sufficiently complete. Furthermore, the prevalence of comorbidities was relatively high in our cohort. Our cohort also did not include patients who had required critical care but were not transferred to the ICU because of perceived futility by the attending physician or patient/family wishes, introducing a selection bias. Finally, after the completion of our study, it has been suggested to use Dinakara's formula 36 for correction of the diffusion capacity of carbon monoxide for hemoglobin. 37, 38 However, to change current practices based on the American Thoracic Society recommendations, it is necessary to properly study and validate these formulas in the hematopoietic stem-cell transplantation population.
In summary, our results demonstrated the value of the HCT-CI score in predicting inpatient mortality and the OS of critically ill patients after ASCT admitted to the ICU. HCT-CI seems to be a useful tool to improve the risk assessment of patients before and after ASCT as well as to refine the survival-predicting capabilities necessary to make better ICU resource allocation decisions. We advocate consideration of HCT-CI scores when making therapeutic decisions regarding the use of ASCT in patients with comorbidities and the management of major complications that may occur. A high HCT-CI score alone should not preclude an admission to ICU. Further studies are required to identify other prognostic factors assessable before ICU admission and to model a prognostication system able to pinpoint subsets of patients who would be better served by comfort rather than critical care.
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